CHRONIC, massive thrombotic obstruction of the pulmonary arteries has attracted interest recurrently through the years as a neglected cause of pulmonary hypertension of obscure etiology, usually discovered at autopsy.'-10 This form of "cor pulmonale" has been regarded as a rare entity of academic rather than therapeutic interest. Such opinions now require revision. With the advent of pulmonary thromboendarterectomy as a feasible surgical procedure, chronic massive obstruction has become a potentially curable form of heart disease."' 12 Furthermore, the wider use of pulmonary angiocardiography'3 14 and other diagnostic technics'5 16 has led to the antemortem diagnosis of an appreciable number of such patients in recent years.
In the last 3 years, we have encountered eight patients in whom extensive, chronic thromboembolism was the sole cause of, or the major factor in, the development of pulmonary hypertension. This experience has substantiated our prior suggestion that the possibility of surgical correction would heighten interest in this entity and lead to the discovery of additional cases." Four of our eight patients have been operated upon in an attempt to relieve the thrombotic obstruction. In two, thromboendarterectomy was successful, and the patients are alive and well more than 2 years after surgery. In two, surgical cor-From the Departments of Medicine and Surgery, Georgetown University Medical School, and the Walter Reed Army Hospital, Washington, D. C.; The U. S. Naval Medical Center, Bethesda, Maryland; and the Pulmonary Section, Georgetown Clinical Research Institute, Federal Aviation Agency, Washington, D. C. Circulation , Volume XXXII, September 1965 rection could not be achieved, and the patients died in the postoperative period. This report recounts our experiences with these four operated cases. It is hoped that this experience will provide further insight into the pathophysiologic and diagnostic features of this entity and assist in the future selection of candidates for pulmonary thromboendarterectomy.
Case Reports Case 1 K. E., a 41-year-old man, was admitted to the U. S. Naval Hospital, Bethesda, in September 1961, for evaluation of persistent dyspnea on exertion. Mild dyspnea on exertion had appeared in March, following immobilization in a shoulder spica. In July 1961, in another hospital, right femoral thrombophlebitis developed and, despite anticoagulant therapy, he had experienced an episode of right pleuritic chest pain. Thereafter his recovery was uneventful, but mild dyspnea on exertion persisted.
Examination on admission to the Naval Hospital was within normal limits aside from an accentuated pulmonic closure sound, and a bolosystolic mulmur in the third left intercostal space, which extended through the second sound, was well heard in the back, and increased in intensity with inspiration. Chest x-ray disclosed a normal-sized heart, prominence of the main pulmonary artery and its primary branches, avascularity of the left upper lobe, and pleural adhesions at the right base. Pulmonary ventilatory studies were unremarkable. Arterial blood gas studies revealed resting and exercise hypoxemia and an abnormally wide arterial to end-tidal carbon dioxide tension difference. Right heart catheterization disclosed a resting pulmonary artery mean pressure of 35 mm. Hg, which rose to 70 mm. Hg during exercise. A pulmonary cineangiogram revealed a filling defect in the distal portion of the right main pulmonary artery, absence of filling of vessels 3NOSER ET AL. Explor-atory thoracotomy, wvith cardinpulmonary l)ypass standby, was cari ieci oumt on November 1, 1961. Occltusioln of the righit ptilu oniaryv artery produticed dilat-ation of the left pulmonarv artery anid a bigeminal cardiac rhlythmil. This hlivtlhill persisted as ani adhletrenit thromibus was removed from the distal riglht main. pulmnonary arterv an-id its primariy brancIles. Thlein, left pulmon-ary artery occlusioII was well tolerated as a thronibt-s occludinig the left upper lobe artery was removed.
The patient's postoperative coturse was. un1evenltftul. Six F. S., a 56-year old main, xvas admitted for the first time to Georgetown Hospital in August 1963, becauiLise of progressive dyspnea for 10 vears. Two years before adrnissionlie was hospitalizedl with actite dyspnea, whicil improved with digitalis, diuiretics, anid salt restriction. Six months before adinission, effort dyspnea worsened. Three weeks before admission dyspnea at rest and episodic cyaiiosis appeared. He denied pleuritic chest pain, hemoptysis, and thromnbophlebitis.
Physical examinationi disclosed a blood pressini e of 100/80, puilse of 88 per miniute, an(1 respirations of 38 per mirntite. Chest aind diaphragmiatic motion xxere decreased; resonianice was inicrea-sedl. Moderate shaldows, anid genieralized cardiomegaly. Riglht heart catheterization disclosed a meain pul3m)onary arterial pressuire of 32 mm. Hg. Pullmonarv venitilator v studies disclosed mild obstructive emplhysema. Despite inteinsive therapy, the pa-tient developed progressive right venitricular failure. In February 1964, the gradient of ar-terial to end-tidal carboi (lioxide tension was founid to be wide. Pulmonary angiography revealed total obstruction of the riglht middle anid lower loI)e, andI left siipermior ptlnioiary artery branches ( fig. 4 ). The mileani pulmionary artery priessuri-e was tlheni 43 mnmn. Hg.
At thoracotomny in April 1964, hlypotenision developed dt(lring ii(lutiction of an-estlhesia wlichli was accentuatedI by temporarv occluisioni of the riglht maiii pulmonary artery ancd forced abandonmenit of the procedutire. Hypotenisioi-i persisted an-id the patieInt (lien 2 lholuis later.
Postmortein examiination revealedl marked riglht atrial anid venitricuilar lhypertroplhy. In the anteroseptal portionl of the riglht ventricuLlar wall was a 0.6 by 1.3 cI-Im. whlite mass xvhiclh extenided ipxvard thlrough the pulmoniar-y valve inlto the pulmonaary arterv. Microscopic examiination revealed this to be a fibrosarcoma. The maini puilmonaory artery an1d pr-imary branclhes wer-e mnarkedly dilated. The inferior brainchl of the righit main pulmoniary artery was totally occluded by an organ-ized thrombus 1.5 cm. in lenigtl I)eyond xvhiclh the vessel vas patenit. The superior branch of the left maini pulmon-ary arterv was occluded by old tlhrombus, xvhich extend(led inlto segmental andI sutbsegmental braIIchles. Scattered tlhroughout all lobes wer-e small infarcets of all ages. The thromboemboli xvere entirely thlrom- 5A ). Right lheart catheterization disclosed a meani puilmon,ary artery pressuire of 60 min. Hg with n1o evidence of valvular dise-ase or initracardiac slhunt. The patien-t was discharged, wvell compensated, on digitalis, diuretics, anid anticoagulant drugs.
During the next 2 years, dyspn-ea on exertion anid riglht ventricular failure slowly progressed. In January 1964, the patient xvas markedly dysiipeic, with a right pletural effusion and peripheral edema. A prominent juguilar venouis A wave, right venitricular lift, accentuated pulmoniic closure sound, right ven-trictular diastolic gallop, an-d muurmurs of pulmoniic and tricuspid insufficiency were noted. Electrocardiogram indicated right atrial enlargemenit, right ventricular hypertrophy and "strain." Chest x-ray disclosed cardiomegaly, right pleural effusion, and avascularity of both lung fields. The lower portion of the right pulmonary arterial slhadow h-ad become attelntuated since 1961 (fig. SB). A lung radioscan showed redtuced blood flox to the righit lunig and left lower lobe. Right lheart catheterization disclosed a resting mean pulmonary artery pressure of 70 mm. Hg. Pulmonary angiogram revealed nio right upper lobe filling, markedly diminished filling of right middle and lower lobe vessels, abrupt termination of tlhe lin-gular pulmonary branch, and delayed, poor left lower lobe filling ( fig. 6 ).
At thoracotomy in April 1964, the righit side was approachied first. Extensive, vascular pleural adlhesions were encounitered. Exploration of the riglt pulmoniary artery disclosed occlusions of all tertiary branches vhich wvere not thought to be reme(liable. The procedure was te rminiated because of persistenit hypotenision. This persisted postoperatively, and the patient died 36 lhours after surgery.
Postmortem examination disclosed marked right atrial and ventricular dilatation and hypertrophy. Circulation Scattered small, lhealed pe iplieal iiifaiets wx cerc preseIi-t in botlh luniigs. Old tlhrombotic lesions were present in all tertiary pulmonary arterial branches of the right lung and of the left lower lobe, and in 50 per cent of those of the left upper lobe. In eaclh instance, the thromboocclusive lesions extended onilv 0.5 to 1.0 cm. with normal pulmonary arterial vessels beyond.
Discussion
The exploration of any new area inevitably produces as many questions as ansvers. The application of thromboendarterectomy to patients with chronic thrombotic pulmonary arterial occlulsioin certainly has done so. Yet the experience to date has supplied enough basic answers to encourage further pursuiit of the problem. Perhaps the central question aniswered is that extensive, well-organized thromhi, which have obstructed major puilmonary vessels for months to years, can be removed suiccessfully. Furthermore, the "reclaimed" lung areas seem able to accept safely this sudden return of blood flow and to resume adequate respiratory function. However, our experience also has indicated that technical feasibility and operative success are not synonymous. An early diagnosis is essential if the patient is to have sufficient cardiopulmonary reserve to withstand the surgery required. Early diagnosis requires a strong suspicion of the disorder, based upon familiarity with its characteristic clinical features, and the verification of this clinical suspicion by appropriate laboratory studies.
Clinical Findings History
The most valuable historical clue in this series and others' 10 has been episodic or persistent dyspnea-particularly dyspnea on effort-which is not adequately explained by coexisting cardiopulmonary disease. In the current series, dyspnea on effort was present in all subjects for 6 months to 3 years before its etiologic basis was established. The frequency of this symptom is not surprising, since multiple bases for dyspnea exist in embolic occlusion.'7-'9 Chest pain also has been a symptom common in this and other series. However, the chest pain was commonly attributed to other causes, a pitfall emphasized by Carroll in 1950.1 Hemoptysis did occur eventually in three of our four patients, but in only one was it an early sign. In only one patient was there a clearly documented history of thrombophlebitis.
Physical Signs
Physical stigmata of advanced right ventricular hypertrophy and failure are late and nonspecific signs. They point toward massive occlusion only in the absence of other causes of right ventricular compromise. One type of murmur, however, may provide a significant diagnostic clue, namely, a systolic murmur that is maximal over the lung fields, increases in intensity with inspiration, and frequently "spills beyond" the second sound. This type of murmur, which mimics that of pulmonary branch stenosis,20' 21 is particularly suggestive of thromboembolic disease. It appears related to the same mechanism operative in branch stenosis-turbulence engendered by flow past a constriction in vascular lumen. In one of our patients (case 1), this murmur disappeared following removal of thrombus from the left upper lobe artery. In another (case 2), the maximum intensity of the murmur coincides with an area of diminished flow on the pulmonary radioscan. However, since such a murmur will not occur with total luminal obstruction, its absence does not deter the diagnosis.
Laboratory Findings
The chest roentgenogram suggested the diagnosis in each of our four patients. The radiographic clues, often rather subtle, have been reviewed in detail by others.'4 22, 25 They include (1) avascularity of an entire lung or lung area; (2) a blotchy or irregular vascular pattern in a lung or lung area, indicative of increased bronchial collateral flow;
(3) increased vascularity in certain zones contrasted with avascularity in others; (4) disparity in the size of comparable major pulmonary arteries; (5) abrupt tapering ("rattail" appearance) or termination of a pulmonary arterial branch; (6) evidence of old or recent pulmonary infarction. Comparison of prior with current x-rays is often helpful, as illustrated by our cases 2 and 4. Fluoroscopy also may assist by disclosing diminished pulsations of a main pulmonary artery or one of its major branches.
The electrocardiogram, which was normal in two of our patients, is of limited value. However, the presence of unexplained right atrial or ventricular hypertrophy can suggest the proper diagnosis. Determination of the lung volumes serves to eliminate intrinsic pulmonary disease (e.g., emphysema) as the basis for the patient's symptoms. The arterial blood gas pattern may provide diagnostic clues. Some degree of hypoxemia was present in each of our patients. Hypoxemia, however, is common in many cardiopulmonary disorders. Of greater differential value is measurement of the arterial to end-tidal ("alveolar") carbon dioxide tension gradient.5' [17] [18] [19] 24 From an extensive study of normal subjects and patients with cardiopulmonary disease, we view a gradient greater than 25 per cent of the arterial pCO2 level as highly suggestive Circulation, VoiMme XXXII, September 1965 of extensive pulmonary vascular obstruction. Such a gradient was present in the three patients in this series in whom it was measured. While the absence of a significant gradient does not exclude the diagnosis,25 its presence is of considerable value in justifying further study.
Another procedure we now employ routinely is lung radioscanning with macroaggregated, radioiodinated human serum albumin.16 This procedure is simple, safe, and has been of great aid in confirming the absence of pulmonary arterial blood flow to a lung area. It is also of considerable assistance in long-term follow-up, as demonstrated by our case 2.
If preceding studies have suggested the diagnosis, right heart catheterization is required to eliminate the presence of significant cardiac lesions. In addition, the pulmonary arterial pressure contour may provide some diagnostic aid in that, in two of our patients, this contour has been similar to that noted in "branch stenosis.' Pulmonary angiography, however, remains the definitive procedure. Angiography not only confirms the diagnosis of vascular obstruction; it also defines the location of the obstruction. Knowledge of the location of the lesion is vital in selecting those patients in whom surgery is feasible.
Surgical Candidates and Considerations
When the diagnosis of chronic pulmonary embolic obstruction is established, three questions arise. Is surgery desirable? Is it feasible? What technical-management problems will be faced?
There are three major reasons for considering thromboendarterectomy: hemodynamic, alveolo-respiratory, and "prophylactic." The hemodynamic goal is to prevent or ameliorate right ventricular compromise due to pulmonary hypertension. The alveolo-respiratory objective is to improve respiratory function by removing a large ventilated but unperfused "physiologic dead space." The prophylactic goal is to prevent retrograde extension of the obstruction which might result in further cardiorespiratory deterioration or death. If such indications are not present, we would Circulation, Volume XXXII, September 1965 not consider surgery even though extensive thrombotic obstruction is demonstrable. If the patient is a surgical candidate, the feasibility of surgery is the next consideration. Feasibility, at this time, is based upon the anatomic location of the obstructive lesions and the general suitability of the patient for major surgery. Currently, patients with lesions located in the primary and secondary (lobar) branches are acceptable candidates. If the blockade is in tertiary branches, the potential benefits of surgery are less and the technical problems considerably increased. We would not now consider such patients as operable.
The general suitability of a given patient for thromboendarterectomy presents complexities that cannot be resolved with precision. For example, in a patient with moderate obstructive emphysema who also has multiple occlusions, it is difficult to quantitate the contribution of each to the patient's symptoms and functional abnormalities. Each such patient must be carefully studied and accepted or rejected for surgery on an individual basis.
It should be noted that we have not mentioned two potential problems that might limit surgical feasibility: (1) inability to achieve thromboendarterectomy in vessels obstructed by old, well-organized thrombi and (2) inoperability due to extension of thrombus into tertiary branches and beyond. Regarding the first point, experience to date suggests that thromboendarterectomy remains feasible despite the presence of organized thrombi months to years of age as demonstrated by our cases 1 and 2 and that of Snyder et al. 12 Furthermore, in our two unsuccessful cases, many of the obstructions "peeled" from the vessel wall rather easily with a forceps at autopsy. Age alone, therefore, would not seem to prevent surgical success. Marked distal extension of the thrombosis, the second problem, certainly may be encountered. Further experience is required before the frequency of such extension is identified. However, it is encouraging that the great majority of obstructions in our patients extended a short distance with a patent vascular bed beyond.
Finally, there are certain technical consid-erations that deserve brief mention. The use of cardiopulmonary bypass is one. Our present consensus is that 'bypass should be available on a standby basis in all cases and is required if extensive bilateral obstruction is to be corrected. We have noted acute electrocardiographic and hemodynamic disturbances in two chronic (cases 1 and 4) and two acute embolic subjects with bilateral involvement when one main pulmonary artery was occluded at the time of surgery. Perhaps bypass shiuld be used in all cases to permit more detailed exploration of the pulmonary arterial tree, but the problems associated with bypass must be balanced against the advantages of its use in each case. Other questions of approach include whether or not ligation of the inferior vena cava should be performed routinely in such patients; how one can best assure that embolic sources do not exist in the right heart chambers; the best postoperative anticoagulant (and possibly fibrinolytic) regimens. Answers to each of these questions require individualization until more experience is accumulated. However, it is already apparent that mobilization of the vasculature itself may present a formidable technical problem because of extensive, highly vascular pleural adhesions. Such adhesions were present in each of our four patients and were a source of major delay and blood loss in two of them. This difficulty can be anticipated in future cases.
Summary
Four patients with extensive, chronic pulmonary arterial thrombotic obstruction, are presented in whom thromboendarterectomy was attempted. The procedure was successful in two, both of whom are alive and well more than 2 years since surgery; it was unsuccessful in two, both of whom succumbed in the postoperative period. The clinical and laboratory diagnostic approach to such patients is discussed. Criteria for selection of operative candidates are reviewed and certain technical decisions considered. It is concluded that selected patients with chronic massive occlusion can be improved significantly by thromboendarterectomy, but further experience is required to improve criteria for the selection of surgical candidates. The poor experience with two patients in advanced right ventricular failure already has indicated that one essential factor in reducing surgical risk is diagnosis prior to overt cardiac decompensation.
